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Abstract A new, scalable process for microfabrication of a
silicone-based, elastic multi-electrode array (MEA) is
presented. The device is constructed by spinning poly
(dimethylsiloxane) (PDMS) silicone elastomer onto a glass
slide, depositing and patterning gold to construct wires and
electrodes, spinning on a second PDMS layer, and then
micropatterning the second PDMS layer to expose electrode
contacts. The micropatterning of PDMS involves a custom
reactive ion etch (RIE) process that preserves the underly-
ing gold thin film. Once completed, the device can be
removed from the glass slide for conformal interfacing with
neural tissue. Prototype MEAs feature electrodes smaller
than those known to be reported on silicone substrate
(60 μm diameter exposed electrode area) and were capable
of selectively stimulating the surface of the in vitro isolated
spinal cord of the juvenile rat. Stretchable serpentine traces
were also incorporated into the functional PDMS-based
MEA, and their implementation and testing is described.
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1 Introduction

Neural prostheses (NPs) that electrically activate central
and peripheral systems have shown significant promise in
supplementing function lost to disease or injury (Chapin
2000; Prochazka et al. 2001; Stein and Mushahwar 2005).
Clinical advancements made possible by NP technology
include those that restore hearing (Clark et al. 1977; Kessler
1999; Spelman 1999), respiration (DiMarco 2001), bladder
voiding (Brindley et al. 1982; Grill et al. 2001), and upper
and lower extremity control (Kraft et al. 1992; Kralj et al.
1988; Liberson et al. 1961; Prochazka et al. 1997; Taylor
et al. 1999; Weingarden et al. 1998). A subset of these
prostheses communicates with neural tissue via penetrating
multiple-electrode arrays (MEAs), which can provide
highly specific and robust activation of the targeted neurons
(Branner et al. 2001; Hillman et al. 2003; McDonnall et al.
2004; Tyler and Durand 2002). Multi-electrode NPs that
penetrate neural tissue, however, have been shown to incur
acute and chronic damage, which in turn can result in
degradation of both the interfaced tissue and the implanted
device (Edell et al. 1992; Polikov et al. 2005; Schmidt et al.
1993). There has been a variety of successful efforts to
minimize the adverse effects of MEA invasiveness, includ-
ing those using specialized device geometries and protec-
tive surface coatings (He and Bellamkonda 2005; Holman
et al. 2002; Naples et al. 1988; Zhong et al. 2001).

The damage sustained by NP interfacing can be
minimized by stimulating exclusively from the surface of
the interfaced neural tissue. This approach eliminates
damage associated with electrode penetration, but poten-
tially loses direct accessibility to the targeted neuronal
circuitry. For certain prosthetic applications, however, this
loss in accessibility can be ameliorated by the inherent
organization of the neuronal systems. For example, the sub-
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fascicular organization of the peripheral nerve has been
successfully tapped into by surface electrodes to elicit
functionally-specific muscle activation (Leventhal and
Durand 2003, 2004). In an analogous manner, spinal-cord
NPs might utilize the topographical organization of spinal
axons into bundles (i.e., white matter tracts) to recruit
specific motor outputs via surface stimulation. The rele-
vance of this approach has been supported by studies in
which spinal cord surface stimulation has been used
effectively to elicit coordinated motor responses—including
locomotion—in both rats and humans (Gerasimenko et al.
2006; Ichiyama et al. 2005; Magnuson et al. 1995;
Magnuson and Trinder 1997).

The specificity with which surface-stimulating NPs
activate neural circuitry may also be augmented by tailoring
the electrode’s physical properties for optimal tissue
interfacing. A critical factor in this interaction specificity
is the degree of isolation between electrodes and their
targeted neural tissue, which should be minimized to reduce
signal leakage to adjacent tissue and extracellular space
(Loeb and Peck 1996; Stein and Pearson 1971; Struijk et al.
1999). For this reason, surface-stimulating MEAs whose
designs confer a closer fit of their electrodes to the tissue
surface may have potential for improving the selectivity
with which their targeted neural systems are activated.
Towards this end, numerous MEAs have been developed
with specialized flexible substrates. Table 1 is a summary of
some of the more recently reported flexible-substrate,
multi-electrode NP technologies, which use as substrates
the biocompatible polymers polyimide, parylene, and
polydimethylsiloxane (PDMS).

The MEA substrate PDMS, with a Young’s modulus of
0.4–1.0 MPa, is significantly more elastic than parylene and
polyimide, whose Young’s moduli are approximately 4–4.5
and 2.3–2.8 GPa, respectively (Armani et al. 1999;
Rousche et al. 2001; Suzuki 2003; Yang et al. 1998).
Because of its greater elasticity, PDMS can confer not just
flexible but also conformable interfacing with neural tissue.
In addition, the oxygen-permeability and improved me-
chanical impedance matching properties of PDMS have

potential to augment the viability of the MEA/neural tissue
interface. Other groups have demonstrated successes
fabricating PDMS-based MEAs for activation and record-
ing of neural circuitry (Cater et al. 2007; Leventhal and
Durand 2004; Maghribi et al. 2002; Schuettler et al. 2005);
however, these MEAs have not been able to achieve the
same electrode size resolution as demonstrated in polyimide
and parylene MEAs.

In this paper, we present the design, fabrication, and
preliminary testing of an elastic MEA with electrode
diameters (<60 μm) smaller than previously reported using
a PDMS substrate. To achieve this feature size, we
implement a novel, customized Reactive Ion Etch (RIE)
fabrication process. Our functional PDMS-based array
exhibits properties that enable close, mechanically con-
formable contact with the surface of the spinal cord for
selective stimulation of axonal tracts. To confer an even
greater elasticity, we implement a serpentine pattern that
allows the traces to stretch along with the PDMS substrate;
this helps us to minimize electrode trace elasticity issues
seen with previous fabrication techniques (Maghribi et al.
2002; Schuettler et al. 2005).

2 Fabrication process

Our fabrication approach consists of layering patterned gold
between two thin sheets of PDMS and using a novel
reactive ion etch (RIE) step to expose the gold electrode
contacts. We eliminate the need for gold-to-PDMS adhesion
by bordering exposed electrode contacts with PDMS, which
prevents the gold from lifting off. As a means to pattern the
gold electrodes, we use standard photolithography because it
can generate small features reliably. To create orifices in the
upper PDMS layer, we use a protective aluminummask layer
along with RIE techniques. Our fabrication steps use
standard microfabrication techniques on a novel (PDMS)
substrate and are designed to enable scaling of the MEA to a
very large number of small-feature size (<60 μm diameter)
electrodes.

Table 1 Comparison of MEA technologies for surface stimulation of neural tissue

Source/type of MEA Reported electrode size (μm) Substrate material Interfaced neural tissue type

(Stieglitz 2001) 10 μm diameter Polyimide Various
(Rodger et al. 2006) 150 μm diameter Parylene Spinal cord and Retina
(Maghribi et al. 2002) 300–350 μm diameter PDMS Retina
(Schuettler and Stieglitz 2000) 500 μm diameter Polyimide-PDMS hybrid Radial nerve
(Sahin et al. 1997) 500 μm by 1 mm rectangular PDMS Peripheral nerves
(Tsay et al. 2005) 100 μm–1 mm squares PDMS Hippocampal culture
(Schuettler et al. 2005) 600 μm square PDMS Various
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2.1 Fabrication step 1. Preparation of PDMS
and rigid substrate

To prepare the elastomer substrate, we mix PDMS (Sylgard
184©, Dow Corning) at 10:1 PDMS prepolymer to curing
agent ratio and store the mixture at −20 °C to slow curing.
The cooled mixture remains liquid for several days. No
degassing under vacuum is required because air bubbles
rise out during the first 5 h of storage. Prior to use, we
allow the mixture to sit at room temperature for 15 min to
reduce the formation of condensation.

We use a 75×50×1 mm glass slide as a rigid substrate
for fabrication, and prepare it through sequential rinsing
with trichloroethylene, acetone, isopropanol, and deionized
water. We then evaporate 250Å of gold onto the slide to
create a non-stick layer (Fig. 1(a)). All evaporation is
performed with a CVC Products, Inc. Electron Beam
Evaporator. The initial gold layer facilitates future removal
of the finished elastomer-based array from the glass slide, a
technique originally described by Maghribi et al. (2002) for
their retinal array. Prior to the evaporation step, we place
transparent adhesive tape around the perimeter of the glass
slide to form a 3mm-thick border. After removing the tape,
the bare glass bonds to the subsequent PDMS layer more
strongly than to the anti-adhesion gold layer. This config-
uration prevents fabrication chemicals from seeping under
the array, which subsequently prevents the device from
delaminating off the glass slide during processing.

2.2 Step 2. Creation of PDMS base layer

Following removal of the adhesive tape border, we spin the
PDMS mixture onto the slide at 1,500 rpm for 15 s, using a
1,000 rpm/s ramp rate. We then allow the PDMS layer to

settle for 1 min and cure it in a 95 °C oven for 15 min. This
produces a PDMS film approximately 70 μm thick
(Fig. 1(b)).

2.3 Step 3. Deposition and patterning of gold film

To create the electrodes and wire traces, we first evaporate a
5,000 Å thick gold film onto the PDMS layer. 5,000 Å was
found to be the maximum thickness achievable by a single
evaporation step while maintaining good film quality. We use
this maximal thickness in order to improve the robustness of
the MEA, which ultimately must survive the mechanical
stresses and electrolytic corrosion of repetitive, long-term use.
Following evaporation of the gold film, we use standard
photolithography techniques to transfer the electrode pattern
into a positive photoresist (Shipley Microposit 1813)
(Fig. 1(c)). We etch the gold layer by first dipping the
patterned device in Transene GE-8148 Gold Etchant and
then rinsing it in DI water. Because no adhesion layer is used
between the gold and PDMS, we avoid delamination by spin
drying the device at 2,000 rpm for 30 s rather than jet drying
with a nitrogen gun. In addition, we flood expose the sample
(no mask used) and then soak it in developer (Microposit
MF319) to remove the photoresist (Fig. 1(d)). These steps
eliminate the need for solvent strippers (e.g. acetone) that can
swell the PDMS. After removing the photoresist, we rinse
the sample again by dipping in water and then we spin dry
and bake at 80 °C to remove moisture.

2.4 Step 4. Creation of PDMS insulating layer

To create the second layer of PDMS, we spin the PDMS
mixture onto the patterned gold at 6,000 rpm for 150 s, with
a 1,000 rpm/s ramp rate. This film is then cured in an oven

Fig. 1 Fabrication Steps
for a PDMS-Substrate Multi-
Electrode Array (MEA): (a)
Deposition of gold anti-adhesion
layer onto glass slide. (b) Spin
coating of PDMS. (c) Gold
conductor layer deposition and
positive photoresist defining
conductor pattern. (d) Etching
of gold and photoresist removal.
(e) Spin coating of insulating
PDMS. (f) Aluminum deposi-
tion for RIE mask and photore-
sist defining the mask pattern.
(g) Etching of Aluminum and
reactive ion etching to remove
PDMS. (h) Stripping of
aluminum. (i) Removal from
glass slide
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for 24 h at 95 °C to create a thin PDMS layer of
approximately 9.5 μm (Fig. 1(e)).

2.5 Step 5. Deposition and patterning of aluminum mask
layer

To protect the PDMS surface during the ensuing reactive
ion etch (RIE) step, we deposit and pattern an aluminum
mask. We accomplish this by evaporating aluminum
(1,500 Å at 0.5 Å/s) onto the PDMS and then patterning
with positive photoresist. For accurate placement of the
holes above the gold electrodes, we carefully align our
second mask to gold-patterned alignment marks under the
PDMS. These alignment marks have been protected during
the aluminum evaporation using transparent adhesive tape,
which is subsequently removed. The protective mask
pattern is then defined using Transene Type A aluminum
etchant.

2.6 Step 6. Reactive ion etch (RIE)

To create openings in the upper PDMS layer for the gold
electrodes and electrical contacts, we use a custom two-step
reactive ion etch (RIE) process (Plasma-Therm Reactive
Ion Etcher). During this dry etching, the aluminum layer
serves as a protective mask and the gold film acts as an
etch-stop layer. The first of our two steps uses a 10% CF4
and 90% O2 mixture for 240 min (Table 2b); this step
etches through most of the PDMS and strips away the
photoresist. For our second step, a 3% CF4 and 97% O2

mixture (Table 2c) is applied for 150 min to etch any
remaining PDMS without damaging the underlying gold
(Fig. 1(g) and Fig. 2).

We use RIE parameters modified from a rate-optimized
PDMS etch recipe developed by previous research
(Table 2a) (Garra et al. 2002; Shao and Miller 2007).
These previously-established parameters were optimized
more for speed than selectivity and were not suitable for
our purpose because they attack the underlying gold film.
To cleanly etch away the PDMS film while leaving the gold
layer intact, we use the following modifications: (1) We
decrease CF4 concentration and increase oxygen to elimi-

nate the tendency to redeposit polymer (Madou 2002), (2)
We reduce the power and increase the pressure, under the
assumption that a more chemical—rather than physical—
etching process would have less effect on gold and
therefore tend to etch PDMS with more selectivity, and
(3) We use two etching steps: one that removes the bulk of
the PDMS (Table 2b) and another slower etch that cleans
off any residue without attacking gold at an appreciable rate
(Table 2c).

We use a dry etch process to open the orifices in the
PDMS insulating film because wet etching of PDMS can be
more difficult to control (Maghribi et al. 2002). We suspect
that Recipe A etches the patterned gold layer while the film
of PDMS remains on top of it, and that this phenomenon is
related to the gas-permeable properties of PDMS. A similar
effect is described by Subrebost et al. (2002), where silicon
is dry etched underneath a layer of PDMS. This problem is
exacerbated by the fact that the PDMS etch rate, which
starts at approximately 18 μm/h, decreases as the PDMS
layer thins to about 1 μm. This allows ample time for the
RIE to attack the gold film underlying the permeable
PDMS layer.

Because of high selectivity of our recipe shown in
Table 2b and c, the RIE can run approximately 1.5 times as
long as typically necessary without danger of over-etching
into the gold. This is important because the exact time
needed to fully etch is difficult to determine: not only do
loading effects change the etch rate, but, in the presented
fabrication process, the PDMS layer is not always exactly
the same thickness from one device to another.

Another advantage of the recipes shown in Table 2b and c
is that they do not etch aluminum at an appreciable rate as
does the recipe shown in Table 2a (Garra et al. 2002; Shao
and Miller 2007), so the 1,500 Å mask holds up for over
6 h. Incidentally, we tested the same recipe with SF6 in
place of CF4 and it also gave satisfactory results. Our
primary goals were reliability and repeatability rather than
speed, but we suspect that more future work could be done
to optimize the speed of the RIE process and still maintain
feature precision.

Testing indicates that our novel dry etch process works
reliably. Figure 2 shows a Scanning Electrode Microscope

Table 2 Parameters used for reactive ion etching process

Gas pressure
(mTorr)

RF level (W) O2 flow rate CF4 flow rate PDMS etch
rate (μm/h)

Etches underlying
gold:

(a) PDMS etch,
rate-optimized

47 270 25% (50 sccm) 75% (12.5 sccm) 18 Quickly

(b) Our step 1 200 70 90% (27 sccm) 10% (3 sccm) 2 (approximate) Slightly
(c) Our step 2 200 70 97% (29 sccm) 3% (1 sccm) 1 (approximate) Negligibly

We use a customized, two-step process that etches holes in the upper PDMS layer of our device without damaging the underlying gold electrodes.
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image of orifices etched through PDMS with our recipe; it
can be seen that the underlying gold film is cleanly exposed
and intact.

2.7 Step 7. Stripping of aluminum layer

Following the dry etch of holes into the insulating PDMS
layer, we strip the protective aluminum mask layer in a bath
of aluminum etchant. During this process, we ramp the bath
temperature from 25 to 70 °C (Fig. 1(h)).

2.8 Step 8. Removal from slide

To reduce the force required to remove the finished MEA
from the glass slide, we first excise the 3mm array border
that is on bare glass. For subsequent manual removal of the
array from the glass slide, we wedge a razor blade under a
corner to start the delamination and then very gently peel
off the device by hand (Fig. 1(i)). We then soak the MEA in
deionized water for a minimum of 24 h to remove any
residual fabrication chemicals before in vitro use. Figure 3
shows an initial functional prototype of the completed
PDMS-based MEA.

3 Array evaluation

In order to assess the capabilities and limitations of our
fabricated MEA, we conducted a series of electrical,
mechanical, and neural interfacing tests. These tests were
designed to assess the MEA under conditions pertinent to

its imminent use as an in vitro electrophysiology tool.
Neural interfacing assessment focused on measuring the
MEA’s ability to selectively activate white matter tracts
when wrapped around an in vitro isolated rat spinal cord, as
this will be the first in vitro application for which the MEA
will be used.

3.1 Electro-mechanical testing

We characterized the electrical impedances of exposed
electrodes and insulation for each of five traces on four
fabricated MEAs (19 traces total). We measured impedan-
ces using a spectrum analyzer (SRS Dynamic Signal
Analyzer, SR785) at frequencies from 100Hz to 100 kHz.
For all experiments, electrical interfacing between spectrum
analyzer and MEA was accomplished using silver wire
leads, the first of which was pressed onto a given electrode
trace’s exposed contact pad. To connect electrically with
either the exposed electrodes or insulated wire traces, the
other lead was lowered into drops of Hanks’ Balanced Salt

Fig. 3 Fabricated PDMS-substrate MEA. A final product of our
fabrication process is shown wrapped around a wire of similar
diameter (2 mm) to that of the neonatal intact or hemisected juvenile
in vitro rat spinal cord

Fig. 2 Scanning electron microscope image of etched electrode
contacts. Three PDMS-substrate MEA electrodes are shown following
the reactive ion etch step. The upper PDMS layer has been etched to
expose the underlying gold electrode contacts (circular areas above)
without incurring any damage to the gold. The lighter area indicates
the prior presence of an aluminum mask, which was used to prevent
etching of the PDMS insulation over electrode wires and was
subsequently stripped before imaging
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Solution (HBSS 1X, Gibco) [(in mM): KCl 5.33, KH2PO4

0.441, NaCl 137.93, NaHCO3 4.17, Na2HPO4, D-glucose
5.56, Phenol Red 0.0266] that had been placed over the
relevant sites (Fig. 4). This method resulted in a much
higher recorded impedance than that of the gold traces
themselves, due to the gold/HBSS and HBSS/wire interfa-
cial resistance; regardless, this was an effective method for
evaluating conductivity without damaging electrode expo-
sures through rough contact with spectrum analyzer leads.
Results for impedance testing of the electrode contacts and
insulated wire traces are given in Fig. 5, and show that the
electrode impedances are uniform across electrodes and
compare favorably to properties of rigid-MEA electrodes
(Heuschkel et al. 2002; Oka et al. 1999). Impedance
measurement results also indicate that the PDMS insulating
layer acts well as an insulator (Fig. 5(a)).

As an additional proof-of-concept, elasticity of the MEA
was evaluated by measuring the impedance properties of
the device’s electrodes both during and after repeated
uniaxial loading. In addition to testing a straight-trace
electrode design (one trace on one array), two types of
serpentine electrode trace patterns were evaluated (parallel
and intersecting, Fig. 7(a)). One trace each of the serpentine
patterns was tested. To stretch the MEA, we used a custom-
built apparatus that clamped to two ends of the array
(Fig. 6). The stretching device was used to manually

increase the strain along the length of the electrode traces
at intervals of 1%. At each stretching increment, impedan-
ces were measured at frequencies ranging from 100 Hz to
100 kHz. Our measurements were not precise enough to
detect the continuous increase in impedance accompanied
by strain near the failure point, but were sufficient to
measure total trace failure. Impedance of 60 kΩ or less was
considered acceptable; when failure occurred, the imped-
ance rose by a factor of approximately 100.

We found that the intersecting serpentine electrode trace
design shown in Fig. 7 performed better than the other
tested patterns, withstanding 8% strain while continuing to
conduct at impedances similar to rigid MEA electrodes.
Serpentine traces performed better than straight electrode
traces (Fig. 7), which failed at 3% strain. These observed
strain limits are lower than those reported for other, PDMS-

Fig. 4 Experimental apparatus for electrical evaluation of MEA. To
evaluate the electrical properties of the MEA, we measured impedan-
ces using a spectrum analyzer at frequencies from 100 Hz to 100 kHz.
A drop of Hanks’ Balanced Salt Solution was used to interface
between the MEA and the spectrum analyzer lead (0.015 in. silver
wire). Configurations for measuring impedance of an electrode contact
(a) and the insulating PDMS film (b) are shown

Fig. 6 Uniaxial strain device for electro-mechanical evaluation of the
PDMS-based MEA. The custom-made apparatus shown was used to
clamp the MEAs and apply uniaxial strain in 1% increments

Fig. 5 Results for electrical impedance testing of 19 MEA electrodes
on four arrays. The MEA electrodes consistently exhibited impedance
values comparable to those of rigid MEAs (Heuschkel et al. 2002;
Oka et al. 1999) (a) and the PDMS-covered traces demonstrated
impedance values indicative of insulation (b)
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based stretchable electrodes that have been designed for the
study of traumatic brain injury (Tsay et al. 2007; Yu et al.
2007). Nonetheless, these strain limits appear to be above
those imposed upon the devices during repetitive use as a
conformable, multi-electrode interface to the in vitro spinal
cord, as over repetitive interfacing use, the MEAs have not
failed due to excessive strain.

We also tested the ability of the PDMS substrate to
conform to shapes similar to that of our targeted neural
substrate (the in vitro isolated spinal cord). Arrays
fabricated using both PDMS and polyimide as substrates
were wrapped around plastic tubing of diameter (2 mm)
similar to that of the isolated neonatal rat spinal cord and
the hemisected juvenile rat spinal cord. Figure 8(a) dem-
onstrates the superior conformability of a PDMS film to the
bending tube, while Fig. 8(b) shows a polyimide film
bending and folding in multiple places, providing a less
continuous contact with the bending tube surface.

3.2 Neural interfacing

One experiment was performed to demonstrate the capacity
of our elastic MEA to activate a specific region of
longitudinally-oriented axonal bundles (spinal white matter
tracts) in the in vitro rat isolated spinal cord (Fig. 9). We
determined this degree of selectivity by delivering single-
site MEA stimuli to the surface of the cord and then
recording the evoked compound action potential (CAP)
response 11.5 mm distal to the site of activation (on
adjacent white matter tracts). To determine stimulus

selectivity, we measured the strength of evoked CAPs as
we increased recorded lateral distance from the site of
maximal white matter tract CAP activation.

To prepare for in vitro spinal cord interfacing, we used a
protocol adapted from Shay et al. (Shay et al. 2005), in
which a juvenile (postnatal day 11) Sprague–Dawley rat was
first anesthetized with 10% wt./vol. urethane (2.0 mg/kg
injected intraperitoneally) and then submerged in an ice

Fig. 7 Serpentine Trace Design
forMEAElectrode Traces. (a) An
intersecting, serpentine electrode
trace pattern confers a greater
elasticity to the PDMS-based
MEA (electrode trace conductiv-
ity failure at >8% strain for one
tested trace, recoverable upon
relaxation) than does a (b) non-
serpentine pattern of electrode
traces (failure at >3% strain, no
recovery, one tested trace). The
parallel, serpentine electrode
trace pattern shown in (a) con-
ferred no functional elasticity
advantages when compared to
the non-serpentine pattern (b)

Fig. 8 Bending of polyimide and PDMS arrays. We visually
compared the ability of PDMS and polyimide array substrates to
conform to a bending tube of the same approximate diameter as our in
vitro spinal cords. (a) Polyimide film wrapped around a 2 mm-
diameter tube shows buckling of the polyimide film along the tube.
(b) PDMS film wrapped around a 2 mm tube conforms more
uniformly to the bending tube
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slurry for 5 min to decrease body temperature. Following
decapitation, the cervical to sacral spinal cord was isolated
along with ventral and dorsal roots. The cord was then
pinned ventral-side up in a Sylgard-coated (Dow Corning)
Petri dish containing cold (4 °C), oxygenated (95% O2, 5%
CO2) high sucrose-containing solution [(in mM): sucrose
250; KCl 2.5; NaHCO3 26; NaH2PO4 1.25; D-glucose 25;
MgCl2 3; CaCl2 1]. Spinal cord dura was carefully removed
and a sagittal hemisection was performed using insect pins
(1.0 mm, Fine Science Tools). The spinal cord was then
placed in room-temperature, oxygenated (95% O2, 5%
CO2), artificial cerebrospinal fluid (aCSF, in mM: NaCl
128; KCl 1.9; D-glucose 10; MgSO4 1.3; CaCl2 2.4;
KH2PO4 1.2; and NaHCO3 26) and allowed to equilibrate
for 1h prior to further experimentation.

To prepare for stimulation and recording, the MEA was
connected to an STG-2008 stimulation unit (MultiChannel
Systems) using a custom-built press fit connector. Exposed
electrodes on the MEA were then wrapped around the fifth

thoracic segment of the cord such that the stimulating
electrodes were on the ventrolateral funiculus (Fig. 9). To
secure the MEA in this configuration, insect pins (1.0 mm,
Fine Science Tools) were used to pin non-electrode contain-
ing parts of the MEA (i.e. flaps of PDMS film adjacent to the
MEA electrode traces) to the bottom of the dish. A reference
ground electrode was placed in the bath near the caudal end
of the spinal cord. A glass suction electrode (40–50 μm
internal diameter) was used to record stimulus-evoked CAPs
as they conducted along the surface of the spinal cord white
matter. This electrode made bipolar recordings using
chloridated silver wires: one placed within the glass and
the other placed immediately outside the glass.

Two adjacent MEA electrodes were used to deliver a
single, bipolar, charge-balanced current pulse to the surface
of the spinal cord. To measure the subsequent evoked CAP,
a recording electrode was placed 11.5 mm caudal to the
stimulation site, starting at the circumferential location that
responded with the greatest evoked CAP response. The
minimum current value at which a CAP was visible at this
recording site was defined as the threshold stimulus value
(for this experiment, 700 μA/500 μs). Between single-pulse
stimuli at this threshold value (and several values greater
than threshold, increasing in 20 μA increments), the
recording electrode was moved in 50 μm lateral increments
from the site of the peak response to record CAP responses
on laterally adjacent tracts. The strength of the evoked CAP
response at these different sites along the cord was
calculated based on the baseline-subtracted, rectified and
integrated signal (μV*μs) averaged over ten trials for each
recording site (Fig. 10, standard error bars shown).

Results indicate that, for reliable activation of visible CAP
responses along the ventrolateral funiculus, the minimum
charge-balanced current pulse required using our MEA was
700 μA/500 μs. This compares to a threshold value of
300 μA/100 μs determined using a conventional bipolar
tungsten electrode (5 μm tip diameter, 10 μm inter-electrode
distance) pressed firmly onto the cord surface. When the
MEA was not placed conformably around the cord but
instead placed loosely on top of the cord within the aCSF
bath, no recruitment of white matter tracts was discernable at
any single-pulse, bipolar-configuration current value within
the range of our stimulator (800 μA/200 ms).

Selectivity of tract stimulation using the MEA was dem-
onstrated with a decremented—and eventually absent—
evoked CAP on laterally adjacent axonal tracts (Fig. 10).
The stimulus selectivity of the MEA compared favorably to
that evoked with a tungsten bipolar stimulating electrode
(Fig. 10), in that the rate at which evoked CAP response
strength decreased over recording distance compared
favorably to the trendline for threshold stimulation with a
bipolar tungsten electrode control (R2=0.8201). These
results indicate a similarity in the stimulus selectivity

Fig. 9 Experimental setup for surface stimulation of the in vitro
isolated rat spinal cord (hemisected). The MEA was wrapped around
the isolated in vitro spinal cord of a postnatal day 11 rat and two
adjacent MEA electrodes (bipolar configuration) were used to
stimulate the fifth thoracic segment’s ventrolateral funiculus. The
degree of stimulus spread was assessed by recording surface
compound action potentials (CAPs) at multiple circumferential sites
distant to the site of activation. For recording, a glass suction electrode
(40–50 μm internal diameter) was placed 11.5 mm caudal to the
stimulation site to record CAP responses in 50 μm lateral increments
from the site of the peak response
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between the MEA and a conventional bipolar tungsten
electrode in direct contact with the spinal cord surface. At
stimulus values incrementally greater than threshold value
for the MEA, we observed incrementally greater recruit-
ment of white matter tracts (as shown by higher-strength
CAP responses, Fig. 10).

MEA (vs. tungsten control) stimulus-evoked compound
action potentials (CAPs) on white matter tracts are plotted
over lateral recording distance from the site of peak CAP
response, for one array wrapped around the thoracic region
of one in vitro spinal cord. Recordings were made 11.5 mm
caudal to the site of ventrolateral funiculus stimulation, in
50 μm lateral increments. Strength of CAP response was
quantified by finding the area under the baseline-subtracted,
rectified traces of the CAP recording. Shown are responses
to MEA stimuli at threshold value (700 μA/500 μs single
current pulse) as well as at 800 μA/500 μs, demonstrating
an increase in white matter tract recruitment at greater
stimulus values. To compare stimulus selectivity, also
shown is the logarithmic trendline for threshold stimula-
tion (300 μA/100 μs) using a conventional tungsten
bipolar electrode. The rate at which evoked CAP response
strength decreased over recording distance compared well
to the logarithmic trendline for tungsten bipolar stimula-
tion (R2=0.8201), indicating a similar stimulus selectivity
between the two methods.

4 Discussion

An ongoing challenge among neural interfacing techniques is
maximizing selectivity of activation while minimizing inva-
siveness and damage to the interfaced tissue. In this paper, we
propose surface stimulation of axonal tracts as an approach to
achieving this balance for the activation of discrete pathways
with actions on spinal cord functional systems.We present, for
this application, a technique for stimulating surface tracts with
anMEA that uses a conformable-substrate in order to promote
precise stimulus delivery to the cord surface.We use PDMS as
a substrate because of its superior elasticity and, to achieve a
small electrode feature size, describe a new, scalable,
fabrication process for creating a high electrode density,
elastic MEA on PDMS substrate.

Our fabrication approach enables reliable and rapid
production of MEAs with various desired electrode
geometries and includes a novel reactive ion etch (RIE)
process that makes possible our 60 μm diameter electrode
resolution. To date, we have fabricated approximately 40
arrays (three different designs) with a success rate of
roughly 80%. Our fabrication process differs from previous
work in silicone micro-array fabrication in that we use a
customized reactive ion etch process for opening electrode
and electrical contact orifices in a membrane of PDMS.
This process removes PDMS cleanly and does not etch
away the underlying gold electrode. To our knowledge, no
previously published RIE recipes for dry etching PDMS are
capable of selectively removing the PDMS and leaving an
underlying gold thin film intact.

Also novel to PDMS MEAs, we use serpentine electrode
traces to increase overall elasticity of the electrode array.
Although PDMS silicone stretches easily, metal traces have
limited the elasticity of previous silicone MEAs (Maghribi et
al. 2002; Schuettler et al. 2005). Gold serpentine traces on
silicone have been investigated (Gray et al. 2004; Madou
2002), but they have not previously been incorporated into a
stretchable multi-channel electrode array. We have shown
with initial studies that traces with intersecting serpentine
patterns were capable of stretching 8% without failure,
compared with a 3% stretching limit for MEAs with straight
electrode traces of the same composition. These preliminary
results show an advantage of intersecting serpentine trace
geometries over those of straight traces for the purposes of
MEA stretchability. Future studies are planned to more fully
characterize and optimize the elasticity of our PDMS MEA,
whose design is not as stretchable as other PDMS MEAs,
such as those used for studying traumatic brain injury
(withstanding up to 20% uniaxial strain (Tsay et al. 2007;
Yu et al. 2007). For our in vitro spinal cord interfacing work
thus far, however, the elasticity of both the intersecting
serpentine-trace and straight-trace MEAs has been sufficient
for repetitive handling and use, and the smaller electrode

Fig. 10 Spinal cord white matter response to MEA surface
stimulation
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feature size has been advantageous for our stimulus locations
and protocol.

We demonstrated that our fabrication process produces
MEAs with uniform electrical properties and that our
devices can selectively activate white matter tracts in the
in vitro isolated spinal cord. Initial results indicate that a
close, conformable fit of the array to the surface of the cord
is critical to the MEA’s ability to evoke compound action
potentials with spatial precision, presumably because it
gives the stimulating electrodes a closer, semi-isolated
proximity to the cord surface. We are in the process of
conducting a more extensive evaluation of the role of the
MEA substrate in promoting selective activation of white
matter tracts, especially in relation to flexible-substrate (but
non-elastic) MEAs. Furthermore, we plan to assess the
electrical and mechanical stability of the MEA over
extended usage and incubation periods as a first step
towards determining its potential as an in vivo device.

Future MEA design improvements will focus on
augmenting the isolated delivery of electrical stimuli to
the cord surface, using techniques including fabrication of
raised PDMS isolation wells around individual electrodes.
We will also be applying modified geometries of single
electrodes and multiple electrode configurations and eval-
uating their influence on MEA stimulus selectivity. Our
ultimate goal is to use this technology as part of a multi-site
interface for selective, closed-loop recruitment and control
of spinal cord functional systems.
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